The gap waveguide technology for millimeter waves applications has been recently presented.
lid of pins can easily stop the leakage loss at the joints of the circuit, which is the typical cause of reduced Q-factor of standard waveguides at high frequency.
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I. INTRODUCTION
The development of wireless and satellite communication systems has led to a demand of high performance microwave and mmwave components in terms of costs, lower loss, compact size and compatibility with other RF circuit elements to be included in a complete antenna system. Rectangular waveguide technology is traditionally used because of its low loss, i.e. high Q-factor, but the fabrication becomes complex and expensive at high frequencies. Also, rectangular waveguides can be difficult to integrate in one unique electronic module containing active components and MMICs (monolithic microwave integrated circuits) mounted on printed circuits boards and interconnected with microstrip circuits. On the other hand, planar transmission lines, such as microstrip and stripline, are in comparison lossy due to the use of dielectric materials, and they suffer from unwanted radiation losses or associated problems related to packaging and shielding.
During the last couple of years, a new transmission line technology, called gap waveguide, has been presented [1] - [3] . The gap waveguide is ideally made of two parallel plates, the upper one a perfect electric conductor (PEC) and the lower one a perfect magnetic conductor (PMC). When the distance between these parallel plates is smaller than quarter wavelength, a parallel plate cut-off region will be generated in the gap between the PEC and the PMC plates. Waveguides appear within this gap when PEC strips or ridges are formed within or above the PMC surface. The wave will propagate between the PEC strip (or ridge) and the PEC plate, bounded on both sides by the cut-off between the PEC and PMC surfaces. The PMC condition can be realized by making use of high impedance surfaces, such as the "bed of nails" [4] , which is a periodic surface made of metallic pins readily manufactured by milling and suitable for high frequency applications. Also, other textured surfaces generating high surface impedance can be used, often referred to as artificial magnetic conductors (AMC) or electromagnetic bandgap (EBG) surfaces due to the non-existence of surface waves within a bandgap. An example of AMC is the mushroom-type surface [5] , which is more compact than nails at lower frequencies. A numerical study in terms of parallel plate stop-band generated by different AMCs for gap waveguide is presented in [6] where it is shown that stop bands up to 4:1 can be achieved.
In the realized gap waveguide the direction of the propagating wave is controlled and only allowed to follow a desired path, along a metal strip, ridge or groove, surrounded by the AMC surface [1] . For this reason, the ridge gap waveguide refers to a new type of transmission line where the quasi-TEM mode is propagating in the gap between a ridge and an upper metal plate, and outside this region all local parallel plate modes are stopped by the AMC surface. It should be mentioned that the gap waveguide is naturally shielded and has no radiation losses. Experimental validation for this solution has already been presented in [7] .
This new gap waveguide approach is based on the known concept of soft and hard surfaces [8] , and it is a consequence of the previous research on hard waveguides [9] , [10] and 'single-hard-wall' waveguides [11] . The latter describes for the first time local gap waves propagating along ridges between corrugations. However, the geometries in [8] - [10] are very narrowband and often lossy compared to the gap waveguide.
The groove gap waveguide is a second version of gap waveguide technology [2] , [12] . The configuration is the same as the ridge gap waveguide but in this case the ridge is replaced by a groove between the pins so that the structure behaves similar to a standard waveguide with propagating TE/TM modes. Substrate integrated waveguides (SIW) [13] - [14] , are already used as alternatives to standard waveguides, but yet the substrate is needed. The SIW can be made thinner than gap waveguides, but then the conductive loss becomes significant [15] . Therefore, gap waveguides are advantageous compared to SIW, in particular at high frequency.
Ridge and groove gap waveguides are attractive alternatives to waveguides and conventional transmission lines, as they are made of only metal and easy to manufacture. They can also be used to package components [16] . The basic theories have already been developed in [17] where analytical solutions and dispersion characteristics are described, and in [18] where Green's functions for the gap waveguide geometry are constructed in the plane wave spectral domain. In [19] [20] [21] it is shown how this new technology can be used to realize standard microwave components. In particular in [20] , [21] , pass band filters in groove gap waveguide are presented showing very good performance in terms of low insertion loss and high selectivity to avoid spurious close to the passband. The benefits of this technology are also shown in the independent research in [22] .
One important step to go further on the validation of this new technology is the detailed study of losses. This is more crucial at millimeter and sub-millimeter waves where the manufacturing is more difficult, and losses are the factor affecting the most the circuit performance. In [23] we show a preliminary numerical study of losses for the ridge gap waveguide and compared with rectangular waveguides and microstrip lines. In the present paper we extend the study by including also the groove gap waveguide version, and experimental validations for both ridge and groove types, all realized by bed of nails, and compared with losses of normal rectangular waveguides. In addition, we study the attenuation at the joint between a shorting metal wall and the upper lid.
In order to verify the performance of the low loss gap waveguide technology, it is important to be able to characterize its loss in an accurate way. One way to do that is to measure the attenuation of a very long line, but it will be impractically long in order to measure the low losses accurately. As an alternative, losses can be better characterized in terms of Q factors of resonators.
Therefore, the studies of the present paper are performed by numerical and experimental investigation of Q-factors of gap waveguide resonators. The Q-factor approach is well established and known to give accurate results for transmission lines with low losses [24, Sec.6] . Even more, when dealing with TEM mode type of transmission line resonators, the attenuation can be easily extracted from the Q-factor as
where β is the propagation constant.
II. QUALITY FACTOR & LOSSES
The quality factor Q is the key characteristic parameter for many microwave circuits. It defines how much energy is dissipated in a system relative to the stored energy. Basically, it quantifies the loss in a resonant circuit [24, Sec.6] . The loaded Q (Q L ) can be expressed as
where Q U is the unloaded quality factor, related to the loss of the circuit itself, and Q E is the external quality factor due to the loss added by the loading resistor, which could represent the coupling circuit as well as the feeding network, and it is given by [25] 
for a two-port resonator, where S 21 is the transmission coefficient of the resonator (ratio of the voltage transmitted to the incident voltage). Therefore, the unloaded Q-factor can be de-embedded [26] and obtained as follows
Note that this formula is only valid if there is no ohmic loss related to the coupling coefficient of the coaxial connectors at each end of the resonator. Thus, it will e.g. not be valid if we locate an attenuator at each port and measure the S-parameters through the resonator including the attenuators. When the feeding circuit is weakly coupled to the resonator, the transmission coefficient S 21 becomes very small so that the sensitivity of the measurements does not affect the amplitude of S 21 . In this case Q U is approximately equal to Q L , as shown in (4), and it can be directly extracted by the following
where Q L is defined as the ratio between the center frequency of the resonant cavity and its 3-dB bandwidth [24, Sec.6] .
All the practical resonators measured in this paper are fed by SMA connectors, for convenience. The weak coupling is in this case achieved by cutting the inner conductor of the connectors to create a certain mismatch.
The simulated Q-factors are achieved first with HFSS eigenmode solver, which directly calculates the unloaded Q from the eigenmodes of the structure. However, the eigenmode solutions have some restrictions, e.g., they do not include losses due to the ports. Therefore, we simulated also the S 21 of the resonators including SMA connectors and calculated the Q using equations (4)- (5). This last approach is the same used for the measurement. The unloaded Qs obtained from the eigenmode solver and from the simulated S 21 are presented in Table I for each structure considered in this paper. Their discrepancy is a measure of uncertainty.
III. RIDGE GAP WAVEGUIDE RESONATOR
This section will show simulated and measured results for one short circuit and one open circuit transmission line resonator made in ridge gap waveguide.
A. Short Circuit Resonator
In this first design the ridge is surrounded by conducting pins on both sides whereas it is short circuited by metal walls at both ends, as shown in Fig. 1(a) . The period of the pins is p = 7.5 mm, pin width is a = 3 mm, and resonant length L = 38 mm (i.e. 1.5 wavelengths) in order to obtain a third order resonance at around 13 GHz. The pins and ridge edges are rounded (the pins on two sides only) to decrease the loss due to sharp edges, as it was also presented in [23] . The height of pins and ridge is d = 5 mm and the width of the ridge is wd = 5 mm. As seen in [23] , the loss decreases as the air gap h between the ridge and the upper lid increases. In this case, h is set to be 3 mm, corresponding to a characteristic impedance of about 148 Ω, using the approximate stripline formula in [7] , and a parallel-plate stop band between 11 and 16 GHz. The resonator is made of Copper with conductivity of σ = 5.8·10 7 S/m. For this design the simulated unloaded Q-factor with HFSS eigenmode solver was found to be Q U = 4510 at f o = 13.2954 GHz. Fig. 1(b) shows the 2D color plot of the absolute value of E-field from top view in the middle of the air gap. The third order mode is defined by the resonant length of the ridge. The quasi-TEM mode is resonating along the ridge, whereas the fields decay very fast sideways in all other directions due to cut-off provided by the pin surface.
An experimental resonator was manufactured and measured using coaxial probes connected to a network analyzer. A photo of the prototype is shown in Fig. 1(c) . The feeding is provided by SMA connectors on the upper plate, at the opposite ends of the ridge.
Inner conductors of the SMAs are cut up to the upper side of the lid, as shown in the figure, in order to weakly couple to the resonator and thereby make the external Q-factor large. Fig. 1(d) shows simulated and measured results. Simulations are in this case carried out with HFSS, which has already been tested as an accurate electromagnetic simulation tool for resonant cavities [27] . The unloaded Q-factor can be calculated using (4) achieving Q U = 2255 at f o = 13.3048 GHz for the measured prototype and Q U = 4741 at f o = 13.2757 GHz for the simulated structure. The difference between measured and simulated Qs is mainly due to two factors: one is the surface roughness, and the other is the leakage from those sides of the box that are not surrounded by pins. The visually observable surface roughness is due to microscale irregularities in the surface, and it depends not only on the metal used (Copper in this case) but also on the fabrication technique (milling). When the skin depth is smaller than the height of the irregularities, the current will follow all the surface contours increasing its total path. This results in decreasing the conductivity of the material and increasing the conductor loss [28] . At 13 GHz the skin depth is 0.5 um and for our case the metal used has an rms surface roughness varying between 1.5 and 3
um. There could also be uncertainties due to the purity of the Copper material itself.
The leakage is a critical factor and it is the main cause of loss for waveguide components (when no substrate is used). In this design, the field is concentrated in a 3 mm air gap between the ridge and the lid. The leakage is prevented by the pins on the two sides of the ridge, whereas there are no pins at the two ends of it. The ends are directly short-circuited by a metal wall and the lid.
There may be a small gap between the lid and the end walls, in particular if there are not enough screws fixing the lid to the end walls. Any leakage between the lid and end wall will reduce the Q. The difference in numerical and measured resonant frequencies is 0.21%, which is quite acceptable considering mechanical tolerances.
B. Open Circuit Resonator
A second ridge gap waveguide resonator has been realized in order to remove the uncertainty in Q due to the leakage between the end walls and the lid, seen in the subsection above. The ridge gap waveguide geometry is similar to the previous one, but in this case we have an open circuit transmission line resonator obtained by adding three pin rows outside both ends of the ridge as shown in Fig. 2(a) . For this geometry the dimensions are L = 89 mm, W = 41 mm, p = 8 mm, L 1 = 37 mm with reference to Fig.   2 (a). The width a and length d of the pins, and the air gap h are the same as for the short-circuited resonator. The unloaded Q computed with HFSS eigenmode solver is Q U = 4437 at f o = 13.2155 GHz. 2D color plot of the absolute value of E-field is presented in Fig. 2(b) , where the third order mode is shown for the open circuit transmission line resonator. The prototype has been manufactured and it is shown in Fig. 2(c) . The excitation of the resonator is exactly as before. As shown in the color plot, the field is concentrated in the air gap between the ridge and the lid, and it is stopped by the pins in all other directions.
Therefore, for this solution there is not leakage loss from imperfect metal contacts or tiny gaps between wall and lid. The simulated and measured transmission coefficients S 21 are presented in Fig. 2(d) . Again, by applying (4) we obtain Q U = 4130 at f o = 13.1832 GHz for the measured case, and Q U = 4603 at f o = 13.1888 GHz for the simulated case. Simulated and measured resonant frequencies agree very well with a deviation of 0.04 %. The difference between computed and measured Q-factors is 10.2% and it is believed to be mainly due to the surface roughness, which is not considered in simulations, as said before. The losses of the gap waveguide can be directly calculated by applying (1). From our simulation, the losses are found to be 0.26 dB/m.
Comparisons between measured and simulated results for both short-circuit and open-circuit ridge gap waveguide resonators are summarized in Table I . The resonant frequency for the second design has moved down by a factor 0.121 compared to the short circuited design. The reason is that the reactive field at both resonator ends increases the effective resonance length, as shown in Fig. 2(b) . The loss due to the leakage has been removed by the pins making the circuit less sensitive to manufacturing tolerances and increasing the measured Q of the open circuit resonator, which is 90% of the simulated value. 
IV. GROOVE GAP WAVEGUIDE RESONATOR
A short circuit resonator made in groove gap waveguide will be presented in this section. In this case, the ridge is removed and the field is propagating in the groove between the pins and the upper plate. This configuration behaves similarly as standard waveguides, with the difference that there is no need of contact between the bottom plate, with pins and groove, and the upper lid, as presented in [12] .
A. Resonator Design
The geometry is presented in Fig. 3(a) . color plot of the absolute value of E-field is presented in Fig. 3(b) , where the TE 103 mode is propagating in the groove between the pins surface. The 2D plot cut is taken in the gap between the pins and the lid, i.e., at a distance h/2 from the lid, and this shows how the pins surface works ideally as a wall, since the field is attenuated by almost 30 dB after two pin rows.
B. Experimental Validation
A resonator in groove gap waveguide was manufactured and measured in order to determine the Q-factor. The metal used was
Copper. The prototype is presented in Fig. 3(c) . The feeding is provided by SMA connectors from the top lid and the weak coupling is obtained by cutting their inner conductors, as already shown for the ridge case. Simulated and measured results are included in Fig. 3(d) . Again, using equation (4) Q U can be extracted from Q L , obtaining Q U = 6136 at f o = 13.4996 GHz for the simulated structure whereas Q U = 5200 at f o = 13.472 GHz for the measurement. The discrepancy between simulation and measurement is due to the surface roughness and a residual leakage between the two end walls and the lid. Since any small gap can allow a certain amount of energy to leak from the resonator, another prototype was manufactured adding three rows of pins at both ends of the groove, in the same way as for the ridge gap resonator. A photo of this second circuit is shown in Fig. 4(a) . Fig. 4(b) shows the 2D color plot of the E-field for the third mode at a distance h/2 from the top lid. As we can see from the color plot, the structure behaves as a short circuit resonator in contrast to the ridge gap waveguide with pin rows at both ends, which became an open circuit, as shown in Fig. 2(b) . This is expected since between the ridge and the will be short circuited at the pins boundary. The simulated and measured transmission coefficients for this resonator are presented in Fig. 4(c) . The measured Q U is 5883 at f o = 13.4434 GHz and the computed Q U is 6108 occurring at f o = 13.4617 GHz, for the second resonator. The Q values for the first and the second (with more pins) groove gap resonators are also summarized in Table   I . The measured Q is about 96% of the simulated one for the second groove gap resonator. The difference in resonant frequencies is 0.13% between simulation and measurement. Also in this case the resonant frequency has moved down for the second design compared to the first groove resonator, since the field is spreading over the first pins row when the pins are added at the ends of the groove, increasing the total resonant length. The pins at the end walls lead to an increase of the Q from 85% to 96% of its simulated value. 
V. COMPARISON BETWEEN STANDARD RECTANGULAR WAVEGUIDE AND GROOVE GAP WAVEGUIDE RESONATORS
It is well known that standard rectangular waveguides have low loss. In [23] it is shown that ideal rectangular waveguides can have very high Q U , in the order of 8000 at 13.5 GHz. However, in reality these structures are affected by many factors during the fabrication process, which contribute to lower the Q-factor. In particular, not perfect alignment between the metal blocks can cause leakage of energy from the cavity. Also, many screws are needed in order to assure good contacts and avoid radiation loss.
Indeed, in [29] it is stated that typically it is only possible to realize 65-80 % of the theoretical Q factor of standard waveguides.
This problem becomes more critical while working at high frequency as the circuitry becomes smaller and very sensitive to any small variation, rising manufacturing costs and production complexity. On the other hand, the gap waveguide technology allows TEM or TE/TM modes without a need of contact between the upper and lower plates obtained by using pins walls instead of smooth metal walls. To better understand this concept, a rectangular waveguide resonator, working between 12 and 18 GHz, has been manufactured, measured and compared with the first groove gap resonator presented in Section IV. The waveguide is realized by joining the upper plate to the bottom box with screws and has the same width and height as for the groove gap waveguide resonator, i.e., 16 mm and 8 mm, respectively. The metal used is the same, i.e., Copper. Measurements are performed for three different cases for both resonators. Results are presented in Fig. 5 for the standard waveguide ( Fig. 5(a) ) and for the groove gap waveguide (Fig. 5(b) ): in the first case (blue curves) the resonators are measured in a typical situation where the lid is screwed to the box walls all the way around the rim. The measured Q U is 5400 for the standard waveguide and 5200 for the groove gap waveguide. Thus, the Q of the groove gap waveguide is 96% of the Q of the standard rectangular waveguide.
In the second measurement set up, the groove gap resonator is measured when the screws along the sidewalls have been removed, i.e. there are screws along the end walls only. The same is done for the rectangular waveguide. As expected this causes leakage of energy from the joint between the sidewalls and the lid of the standard waveguide decreasing the Q-factor to 3079 (red curve). For the groove gap resonator, however, the Q does not change at all, showing that two pin rows are already enough to remove any losses due to electrical contact-problems between the sidewalls and the lid. In the third measurement, both resonators
are measured with no screws in the lid, i.e. the lid is simply resting on the surrounding walls. In this case, both Q values decrease as expected and a lot of energy is leaking from the joint between the lid and the walls at those sides and ends where there are no pins. This means that the presence of pins is essential to provide high Q replacing the requirement for conductive contact across metal joints.
VI. CONCLUSION
The gap waveguide is a new technology, which can be used in many applications at low and high frequency. In this paper we focused on the study of losses of ridge and groove gap waveguides realized with metal pins. The study was based on theoretical and experimental determination of Q-factors of resonators working at around 13.3 GHz. All measured and simulated results are summarized in Table I . The first ridge gap waveguide resonator was realized by ending the metal ridge directly on a vertical metal wall in order to create a short circuit resonator. Simulation and measurement results showed a discrepancy in Q values.
Therefore, a second ridge gap waveguide resonator was realized adding three rows of pins at both ends of the ridge. The new measured Q was 90% of the simulated one; the small difference is probably due to the surface roughness which was not considered in simulations. Therefore, we can conclude that the lower Q of the first short circuit resonator was due to the leakage between the vertical end walls and the lid.
It was shown that the ridge gap waveguide can provide Q-factors of around 4100 and even higher if silver plating is provided.
From the measured results the corresponding attenuation in the open circuit ridge gap resonator was found to be 0.29 dB/m, much lower than microstrip transmission lines, having typical loss of 3-4 dB/m (at the same frequency) when using a low loss dielectric substrate, e.g., Duroid 5880 (ε r = 2.2 and tanδ = 0.0009). We also studied a groove gap waveguide, which works similarly as standard rectangular waveguides. The measured Q-factor was found to be 5200 when there were no pins at the ends of the resonator, and 5883 when we added pin rows around the whole resonant groove.
Groove gap waveguide has higher Q factor than the ridge gap. The Q increases with the vertical height of the waveguide and for the groove case the total height is (h + d) = 8 mm, whereas for the ridge gap the field is propagating along the air gap of height h = 3 mm. The problem with leakage at end walls is larger with ridge because then the joint towards the lid becomes larger compared to the total height of the wall than in a groove gap waveguide case.
In Section V it was shown that groove gap and rectangular waveguides have similar measured Q values. It is indeed true that rectangular waveguides can reach ideally larger Qs, but as already said, mechanical issues affect their performance. In this case the measured Q factor of the standard waveguide is about 64% of the theoretical value, while the measured Q of the groove gap waveguide approaches the theoretical one by 96 %. On the other hand, the simulated and measured resonant frequencies differ more for the groove gap waveguide compared to the rectangular waveguide. However, still this variation is low, as can be seen from Table I . The 0.135% difference in resonant frequencies for the groove case can be due to tolerances in the manufactured prototype. The resonant length of the groove prototype can be affected by tolerances on the position of the pin walls, compared to the rectangular waveguide which has smooth metal walls. 
